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The  Sn02@polypyrrole  (PPy)  nanocomposites  have  been  synthesized  by  a  one-pot  oxidative  chemi¬ 
cal  polymerization  method.  The  structure,  composition,  and  morphology  of  the  as-prepared  Sn02@PPy 
nanocomposites  are  characterized  by  XRD,  FTIR,  TG,  SEM,  and  TEM.  Electrochemical  investigations  show 
that  the  obtained  Sn02@PPy  nanocomposites  exhibit  high  discharge/charge  capacities  and  favorable 
cycling  when  they  are  employed  as  anode  materials  for  rechargeable  lithium-ion  batteries.  For  the 
Sn02@PPy  nanocomposite  with  79  wt%  SnC^,  the  electrode  reaction  kinetics  is  demonstrated  to  be  con¬ 
trolled  by  the  diffusion  of  Li+  ions  in  the  nanocomposite.  The  calculated  diffusion  coefficiency  of  lithium 
ions  in  the  Sn02@PPy  nanocomposite  with  79  wt%  Sn02  is  6.7  x  10~8  cm2  s-1,  while  the  lithium-alloying 
activation  energy  at  0.5  V  is  47.3  kj  mol-1,  which  is  obviously  lower  than  that  for  the  bare  Sn02.  The 
enhanced  electrode  performance  with  the  Sn02@PPy  nanocomposite  is  proposed  to  derive  from  the 
advantageous  nanostructures  that  allow  better  structural  flexibility,  shorter  diffusion  length,  and  easier 
interaction  with  lithium. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  have  been  considered  as  the 
most  prospective  power  sources  for  various  portable  electronic 
device  applications  and  hybrid  electric  vehicles  [1-3].  Although 
the  graphite  anode  has  shown  commercialization,  its  low  theoret¬ 
ical  capacity  (372  mAh  g-1)  is  insufficient  to  meet  the  expanding 
requirement  of  higher  energy  density  [4].  Recently,  tin  oxide-based 
materials  have  been  proposed  as  potential  substitutive  anode  for 
Li-ion  batteries  due  to  their  high  lithium-storage  capacity  and  low 
potential  of  lithium  alloying/de-alloying  [5-7].  However,  the  main 
challenge  for  employing  tin  oxides  as  active  anode  materials  is 
the  huge  volume  variation  during  lithium-tin  (Li-Sn)  alloying/de¬ 
alloying  cycle,  which  leads  to  electrode  pulverization  and  rapid 
capacity  decay  [8,9]. 

Up  to  now,  much  attention  has  been  paid  on  improving  the 
cycling  performance  of  tin  oxides.  Decreasing  particle  size  has 
been  proved  as  an  effective  way  in  moderating  the  volume 
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change  and  pulverization  of  Sn02  anode  [10,11].  Various  struc¬ 
tures  of  Sn02  with  small  dimensions  such  as  nanowires  [12], 
nanotubes  [13],  nanoparticles  [14],  and  hollow  nanostructures  [15] 
have  been  synthesized  and  demonstrated  enhanced  cycling  per¬ 
formance.  Especially,  one-dimensional  (ID)  nanostructures  (e.g., 
nanotubes  and  nanowires)  with  high  length/diameter  ratio  not 
only  provide  more  surface  reaction  sites  but  also  increase  the 
charge-transfer  properties  of  tin-based  electrode.  For  example,  the 
self-catalysis-grown  Sn02  nanowires  exhibited  reversible  capacity 
over  300  mAh  g-1  up  to  50  cycles  and  a  1 5%  higher  initial  coulombic 
efficiency  than  that  of  Sn02  powder  [12]. 

Moreover,  conducting  polymers  have  been  investigated  as 
additives  to  improve  the  electrode  performance  because  the  poly¬ 
mer  can  provide  a  conducting  backbone  for  the  active  materials 
[16-19].  The  soft  polymer  matrix  also  shows  the  function  of 
accommodating  the  internal  stress  of  anodes  that  suffer  from 
severe  volume  change.  Thus,  the  composite  with  nanosize  Sn02 
embedded  in  conductive  polymeric  matrix  would  possess  favor¬ 
able  electrochemical  properties  as  anode  materials  in  rechargeable 
lithium-ion  batteries  because  of  coupled  structural  advantages. 
In  a  recent  study,  Sn02@polypyrrole  (PPy)  composites  were  pre¬ 
pared  by  first  using  spray  pyrolysis  technique  to  obtain  Sn02 
spherical  powders  and  then  coating  PPy  on  the  surface.  After  20 
cycles,  the  composite  electrode  containing  18.25%  PPy  retained 
70%  of  its  initial  capacity  (~390mAhg-1)  [19].  However,  to  the 
best  of  our  knowledge,  a  facile  synthesis  of  ID  tin-based  poly¬ 
meric  composite  nanostructures  and  their  electrochemical  study 
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remains  uninvestigated.  Therefore,  we  report  herein  a  one-pot  in 
situ  chemical-polymerization  route  to  synthesize  Sn02@PPy  ID 
nanocomposites  and  the  study  of  their  electrode  performance.  The 
results  show  that  the  as-synthesized  Sn02@PPy  nanocomposites 
display  significantly  improved  cycling  performance  and  enhanced 
kinetics  for  Li-Sn  alloying  in  comparison  with  that  of  the  bare  Sn02 
anode. 

2.  Experimental 

2.1.  Sample  preparation 

All  reagents  were  of  analytical  grade  and  were  purchased  from 
Tianjin  chemical  reagent  company  unless  otherwise  stated.  In  a  typ¬ 
ical  synthesis,  SnCl2-2H20  (1.3  g)  was  first  dissolved  in  lOOmL  of 
deionized  water  containing  5  mL  of  30%  HC1  solution.  After  stirring 
for  a  few  minutes,  benzene  suffocate  (0.1 8  g)  was  added  to  the  clear 
solution.  Cetyltrimethylammonium  bromide  (CTAB,  0.3  mmol)  was 
then  dissolved  to  form  a  homogeneous  solution.  Pyrrole  monomer 
(0.2  mL,  Acros)  was  added  to  the  above  aqueous  solution  under 
argon  atmosphere.  The  mixture  was  stirred  vigorously  for  15  min 
at  0-5  °C.  Before  polymerization,  the  monomer  was  distilled  and 
preserved  against  exposure  to  light  to  prevent  residual  polymer¬ 
ization.  Precooled  ammonium  persulfate  (APS)  aqueous  solution 
(2.4  g  dissolved  in  25  mL  distilled  water)  was  dripped  to  the  mix¬ 
ture  with  simultaneous  vigorous  stirring.  The  gradual  change  of 
color  from  light  black  to  deep  black  indicated  the  formation  of  PPy. 
The  reaction  was  maintained  under  the  same  conditions  for  24  h. 
Afterwards,  the  resulting  black  solid  was  centrifuged,  collected, 
and  washed  thoroughly  with  distilled  water  and  absolute  ethanol. 
Finally,  the  product  was  dried  at  80  °C  for  12  h  under  vacuum.  Sim¬ 
ilar  procedures  were  carried  out  to  prepare  the  nanocomposites 
with  different  Sn02  contents.  By  adjusting  the  relative  amount  of 
pyrrole  monomers,  Sn02@PPy  nanocomposites  with  86,  79,  and 
67  wt%  Sn02  were  prepared  and  labeled  with  S2,  S3,  and  S4,  respec¬ 
tively.  The  obtained  bare  Sn02  and  PPy  were  denoted  as  SI  and  S5, 
respectively.  The  amount  of  Sn02  in  the  as-prepared  samples  is 
listed  in  Table  1. 

2.2.  Materials  characterization 

The  structures  and  morphologies  of  the  as-synthesized  sam¬ 
ples  were  characterized  by  powder  X-ray  diffraction  (XRD,  Rigaku 
D/max-2500  X-ray  generator,  Cu  Ka  radiation),  scanning  elec¬ 
tron  microscopy  (SEM,  JEOL  JSM-6700F  Field  Emission,  lOkV), 
and  transmission  electron  microscopy  (TEM,  Philips  Tecnai  FEI  20, 
200  kV).  Infrared  spectra  of  the  Sn02@PPy  nanocomposites  pal¬ 
letized  with  KBr  were  performed  on  Fourier  transformed  infrared 
spectrometer  (FTIR,  Tianjin  Gangdong).  To  determine  the  actual 
amount  of  polypyrrole  in  the  nanocomposites,  thermogravimetric 
analysis  (TGA)  was  performed  using  a  NETZSCH  (TG  209)  ther¬ 
mogravimetric  analyzer  in  air  atmosphere.  The  specific  surface 
areas  of  the  samples  were  analyzed  by  Brunauer-Emmett-Teller 
(BET)  nitrogen  adsorption-desorption  measurement  (BEL  Japan 
Inc.,  BELSORP-Mini). 


Table  1 

Amount  of  Sn02  in  the  as-prepared  samples. 


Samples 

Amount  of  Sn02  (wt%) 

SI 

100 

S2 

86 

S3 

79 

S4 

67 

S5 

0 

2.3.  Electrochemical  measurements 

The  working  electrode  was  formulated  from  a  mixture  of 
80wt%  of  Sn02@PPy  nanocomposite,  10wt%  of  conducting  agent 
(Cabort,  Vulcon  XC-72),  and  10wt%  of  polyvinylidene  difluoride 
(PVDF,  Aldrich)  binder.  The  mixture  was  added  to  N-methyl-2- 
pyrrolidinone  solvent  to  form  a  homogeneous  slurry,  which  was 
then  spread  onto  a  copper  foil  (0  1.0  cm).  This  slurry  foil  was 
dried  in  a  vacuum  oven  at  120°C  for  10  h  and  pressed  under 
an  oil  machine  to  make  the  working  electrode  with  the  area  of 
0.78  cm  x  0.78  cm  and  thickness  of  0.1cm.  The  amount  of  Sn02 
in  SI,  Sn02@PPy  in  S2-S4,  and  PPy  in  S5  is  1.3,  1.2,  1.1,  1.2,  and 
1.2  mg,  respectively,  which  is  used  for  the  calculation  of  the  elec¬ 
trode  capacity.  Lithium  foil  was  used  as  both  counter  and  reference 
electrodes.  The  electrolyte  comprises  1  M  LiPF6  in  a  50:50  (w/w) 
mixture  of  ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC). 
CR2032  coin-type  cells  were  assembled  in  an  argon-filled  glove  box 
(Mikrouna  Universal  2440/750).  All  cells  were  tested  galvanostati- 
cally  at  a  current  density  of  about  50  mAg-1  and  were  discharged 
(alloying)  and  charged  (de-alloying)  over  the  potential  range  of 
0.01 -2.0  V.  The  cyclic  voltammogram  (CV)  and  electrochemical 
impedance  spectroscopy  (EIS)  were  performed  on  a  Parstat  2273 
potentiostat/galvanostat  analyzer  (Princeton  Applied  Research  & 
AMETEK  Company).  The  EIS  data  were  collected  with  an  AC  volt¬ 
age  of  10  mV  amplitude  in  the  frequency  range  from  1  x  105  to 
lxl  0-2  Hz.  Prior  to  EIS  measurement,  the  as-assembled  cells  were 
discharged  to  the  requested  voltage  (0.5  V  vs  Li+/Li)  and  held  for 
4h  to  reach  the  equilibrium  state  at  25,  30,  35,  40,  and  45  °C, 
respectively.  The  EIS  results  were  analyzed  by  using  ZsimpWin 
software. 

3.  Results  and  discussion 

3.1.  Formation  ofSn02@PPy  nanocomposites 

The  one-pot  synthesis  of  Sn02@PPy  nanocomposites  proceeds 
through  in  situ  oxidation  and  polymerization  process,  as  shown  in 
Scheme  1.  The  formation  of  wire-like  polypyrrole  nanostructures 
was  achieved  by  using  lamellar  inorganic/organic  mesostructures 
as  templates  [20].  Under  the  structure-direction  effect  of  surfactant 
CTAB,  pyrrole  monomers  aggregate  to  form  micelles  in  aqueous 
solutions.  With  dripping  ammonium  persulfate  (APS)  solution  con¬ 
taining  S2082-,  Sn2+  ions  are  first  oxidized  to  Sn4+  cations,  which 
quickly  react  with  OH-  to  form  Sn(OH)4  sol.  Subsequently,  Sn(OH)4 
is  dispersed  in  pyrrole  micells.  When  more  quantity  of  APS  is 
added,  white  (CTA)2S208  precipitate  with  lamellar  mesostructure 
is  formed,  containing  pyrrole  monomers  and  Sn(OH)4.  In  the  lamel¬ 
lar  (CTA)2S208,  the  persulfate  anions  oxidatively  polymerize  the 
pyrrole  monomers  to  polypyrrole.  As  the  formed  S042-  is  dissolved 
in  solution,  mesostructural  (CTA)2S208  would  degrade,  leaving 
behind  the  PPy.  Meanwhile,  excess  persulfate  anions  could  diffuse 
into  the  vicinity  of  the  degraded  (CTA)2S208  mesostructure,  rebuild 
the  mesostructure,  and  enable  any  residual  pyrrole  monomer  to  be 
further  oxypolymerized  at  their  two  edges  along  the  long  axes  [21  ]. 
The  subsequent  curl  and  condensation  of  the  lamellar  mesostruc¬ 
tures  results  in  the  well  mixed  PPy  nanowires  and  Sn(OH)4.  After 
drying,  Sn(OH)4  loses  water  to  form  crystalline  Sn02  [22],  finally 
producing  the  Sn02@PPy  nanocomposites. 

3.2.  Characterization  of  materials 

Fig.  1A  shows  the  XRD  patterns  of  the  as-prepared  powders. 
In  curve  a,  all  the  characteristic  diffraction  peaks  can  be  assigned 
to  the  tetragonal  (P42/mnm)  structure  of  Sn02  (Joint  Committee 
on  Powder  Diffraction  Standards  card  no.  41-1445).  No  obvious 
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Scheme  1.  Schematic  illustration  of  the  synthesis  of  Sn02@PPy  nanocomposites. 


peaks  corresponding  to  SnCl2,  Sn,  or  other  impurities  are  observed 
in  the  pattern.  Broadened  peaks  are  detected  in  the  XRD  patterns 
of  the  nanocomposites,  reflecting  their  decreased  crystallinity  and 
smaller  crystallite  dimensions.  Curve  d  (S4)  displays  a  broad  peak 
at  22°,  which  can  be  attributed  to  the  amorphous  PPy  phase  (data 
of  pure  PPy  not  shown).  The  mean  crystalline  sizes  calculated  by 
Scherer  equation  from  (110)  plane  are  7.7,  3.2, 3.0,  and  2.1  nm  for 
sample  SI,  S2,  S3,  and  S4,  respectively. 

The  FTIR  spectra  of  bare  Sn02  (SI),  Sn02@PPy  (S3),  and  bare 
PPy  (S5)  are  shown  in  Fig.  IB.  In  curves  a  and  b,  a  strong  vibration 
around  609  cm-1  is  observed  in  the  low  wave  number  region,  which 
corresponds  to  antisymmetric  Sn-O-Sn  mode  of  the  tin  oxide.  In 
curves  b  and  c,  the  band  centered  at  1 560  cm-1  corresponds  to  typ¬ 
ical  C=C  in  plane  vibration,  while  the  characteristic  bands  at  1386 
and  1205  cm-1  are  related  to  C-C  and  C-H  ring  stretching,  respec¬ 
tively.  The  sharp  peak  at  1052  cm-1  is  attributed  to  C-H  in-plane 
vibrations.  The  band  at  929  cm-1  can  be  assigned  to  N-H  in-plane 


Temperature  1° C 


Fig.  2.  TGA  curves  of  (a)  SI,  (b)  S2,  (c)  S3,  (d)  S4,  and  (e)  S5. 


Wave  numbers  /cm'1 


Fig.  1.  (A)  XRD  patterns  of  the  as-prepared  products:  (a)  SI,  (b)  S2,  (c)  S3,  and  (d)  S4.  (B)  FTIR  spectra  of  (a)  SI,  (b)  S3,  and  (c)  S5. 
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Fig.  3.  Typical  SEM  images  of  the  as-prepared  products:  (a)  SI,  (b)  S2,  (c)  S3,  and  (d)  S4.  (e)  TEM  analysis  of  S3,  (f)  HRTEM  image,  and  inset:  the  corresponding  SAED  pattern 
taken  from  (f). 


vibrations  [23,24].  Therefore,  FTIR  results  ascertain  the  presence  of 
PPy  in  the  as-prepared  Sn02@PPy  nanocomposite. 

For  quantifying  the  amount  of  PPy  in  the  as-synthesized 
Sn02@PPy  composite  samples,  thermogravimetric  analysis  was 
carried  out  in  air  atmosphere  (Fig.  2).  The  samples  were  heated 
from  25  to  700  °C  at  a  rate  of  1 0  °C  min-1 ,  displaying  two  weight  loss 
regions.  The  first  weight  loss  in  the  temperature  range  of  25-250  °C 
is  attributed  to  the  desorption  of  physisorbed  water,  while  the  sec¬ 
ond  in  the  range  of  250-700  °C  is  ascribed  to  the  oxidation  of  PPy 
[25].  The  bare  Sn02  (SI)  shows  almost  no  weight  change  in  the 
whole  investigated  temperature  range.  In  comparison,  the  pure 
PPy  sample  (S5)  is  burnt  off.  Therefore,  according  to  the  change 
in  weight  before  and  after  the  oxidation  of  PPy,  the  content  of  Sn02 


in  the  nanocomposites  can  be  calculated,  which  is  86  wt%,  79  wt%, 
and  67  wt%  for  the  synthesized  samples  S2,  S3,  and  S4,  respectively. 

Fig.  3  shows  the  morphologies  of  the  as-prepared  products. 
Pure  Sn02  sample  (SI)  is  composed  of  agglomerate  particles  with 
average  diameter  of  more  than  200  nm  (Fig.  3a).  Some  nanowires 
emerge  in  the  Sn02@PPy  composite  with  14  wt%  PPy  (S2),  as  shown 
in  the  typical  SEM  image  in  Fig.  3b.  When  the  PPy  amount  in  the 
nanocomposite  is  further  increased,  long,  interlaced,  and  wirelike 
structures  can  be  clearly  observed  (Fig.  3c  and  d).  The  representa¬ 
tive  TEM  image  (Fig.  3e)  of  the  as-prepared  S3  (containing  21  wt% 
PPy)  reveals  that  the  length  of  the  composite  wires  is  in  the  range 
of  1-2  |jim  while  the  average  diameter  is  approximately  60  nm.  In 
addition,  the  Sn02  nanoparticles  are  homogeneously  distributed  in 
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Fig.  4.  (a)  The  discharge/charge  curves  in  the  first  cycle  and  (b)  cycling  performance  of  bare  Sn02  and  Sn02@PPy  nanocomposites.  The  voltage  window  is  set  between  0.1 
and  2  V  and  the  current  density  is  50  mAg-1 . 


the  PPy  matrix.  Furthermore,  the  HRTEM  image  in  Fig.  3f  shows 
lattice  fringes,  indicating  that  the  marked  Sn02  nanoparticles  are 
polycrystalline.  The  corresponding  selected  area  electron  diffrac¬ 
tion  (SAED)  pattern  (inset)  also  corroborates  the  polycrystallinity 
of  the  synthesized  nanocomposite,  which  is  in  agreement  with  the 
XRD  analysis. 

3.3.  Electrochemical  properties 

3.3.1.  Charge/discharge  curves  and  cycling  performance 

The  as-synthesized  bare  Sn02  and  Sn02@PPy  nanocompos¬ 
ites  were  employed  as  active  materials  to  assemble  laboratory 
lithium-ion  cells.  Fig.  4a  shows  the  typical  galvanostatic  charge  and 
discharge  profiles.  The  initial  discharge  capacities  are  1583, 1177, 


1055,  and  985  mAhg-1  for  SI,  S2,  S3,  and  S4,  respectively.  The  ini¬ 
tial  discharge  capacity  of  pure  PPy  (S5)  is  only  1 .2  mAh  g-1 ,  which  is 
not  detected  later.  The  charge  capacities  of  SI,  S2,  S3,  and  S4  in  the 
first  cycle  are  493,  417,  416,  and  401  mAhg-1,  respectively.  These 
large  capacity  losses  between  the  discharge  and  charge  in  the  first 
cycle  are  attributed  to  the  formation  of  Li20  and  solid-electrolyte 
interface  (SEI)  during  the  first  charge/discharge  process  [26].  After 
20  cycles  (Fig.  4b),  the  capacities  of  SI,  S2,  S3,  and  S4  are  152,  260, 
430,  and  330 mAhg-1,  which  correspond  to  10.3%,  22.5%,  40.8%, 
and  33.5%  retention  of  their  initial  capacities.  Therefore,  Sn02@PPy 
nanocomposites  show  improved  cyclability  to  the  bare  Sn02.  Since 
the  as-prepared  PPy  does  not  contribute  to  the  capacity,  illustrat¬ 
ing  that  it  is  taking  the  role  of  conducting  the  Sn02  due  to  their 
highly  dispersion.  This  nanocomposite  structure  favors  the  release 


Scan  rate1'2  (V/s)1/2  Scan  rate1'2  (V/s)1'2 


Fig.  5.  Cyclic  voltammograms  of  (a)  SI  and  (b)  S3  composite.  The  scan  rates  are  0.05,  0.1,  0.15,  0.2,  and  0.5  mV  s-1,  respectively.  Plots  of  peak  current  (Jp)  as  a  function  of  the 
square  root  of  the  scan  rates  ( v 1/2 )  for  (c)  SI  and  (d)  S3  composite. 
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Fig.  6.  Electrochemical  impedance  spectra  (EIS)  for  the  cells  made  of  (a)  SI  and  (b)  S3  at  0.5  V.  (c)  The  corresponding  equivalent  circuit,  (d)  Arrhenius  plots  of  ln(T/i?ct)  vs  1/T. 


of  the  stress  caused  by  the  drastic  volume  variation  during  the  Li-Sn 
alloying/de-alloying  process,  and  improves  the  utilization  of  active 
Sn02. 

In  our  examined  data,  it  is  noted  that  the  as-prepared  Sn02@PPy 
nanocomposite  containing  79wt%  Sn02  (S3)  exhibits  the  best 
cycling  performance.  The  capacity  (430  mAh  g-1)  of  S3  after  20 
cycles  is  nearly  3  times  that  of  the  bare  Sn02.  This  result  shows 
that  the  promising  addition  of  PPy  in  Sn02  is  around  20%  in 
weight.  The  improved  capacity  and  cyclability  of  S3  prompt  us 
to  further  investigate  the  electrode  kinetics  in  comparison  of 
SI.  The  specific  surface  areas  of  SI  and  S3  estimated  from  the 
Brunauer-Emmett-Teller  (BET)  method  are  5.6  and  7.3  m2  g-1, 
respectively.  Barrett-Joyner-Halenda  (BJH)  analysis  shows  that  S3 
displays  a  pore  size  distribution  between  3  and  20  nm,  while  SI 
gives  a  narrow  pore  size  distribution  only  around  1 5  nm. 

3.3.2.  Diffusion  coefficiency 

Cyclic  voltammetry  analysis  has  been  carried  out  to  under¬ 
stand  the  improved  electrochemical  characteristics  of  Sn02@PPy 
nanocomposites.  Fig.  5a  and  b  displays  the  cyclic  voltammograms 
(CVs)  of  the  comparative  bare  Sn02  electrode  and  the  Sn02@PPy 
nanocomposite  (S3),  respectively.  At  the  same  potential  sweep 
rates,  the  nanocomposite  shows  significantly  higher  peak  current 
density  than  that  of  bare  Sn02,  indicating  the  obviously  enhanced 
reactivity  of  the  nanocomposite.  By  using  CVs,  the  kinetic  response 
is  examined  to  determine  the  dependence  of  peak  currents  (Jp)  on 
scan  rates  (i/).  The  diffusion  coefficient  of  Li+  ions  (DLi)  can  be  cal¬ 
culated  from  a  linear  relationship  between  /p  and  v h2  according  to 
the  following  equation  [27,28]: 

Ip  =  2.69  x  105n3/2^D’i/2q|yl/2  (1 ) 


where  n  is  the  number  of  electrons  per  reaction  species  (it  is  1 
for  Li+),  A  is  the  electrode  area  (cm2),  and  C*j  is  the  bulk  concen¬ 
tration  of  the  Li+  ion  in  the  electrode  (mol cm-3).  Fig.  5c  and  d 
shows  a  good  linear  relationship  between  /p  and  i/1/2  for  both  SI 
and  S3.  The  Li+  diffusion  coefficiency  in  the  Sn02@PPy  nanocom¬ 
posite  (S3)  is  calculated  to  be  6.7  x  10-8  cm2  s-1.  In  comparison, 
the  diffusion  coefficiency  for  the  bare  Sn02  (SI)  shows  a  lower 
value  of  7.2  x  10-10cm2  s-1.  This  result  indicates  that  the  trans¬ 
portation  rates  of  Li+  in  Sn02@PPy  nanocomposites  are  about  two 
orders  higher  than  that  in  bare  Sn02.  This  enhancement  could  be 
attributed  to  the  unique  structure  and  morphology  of  Sn02@PPy 
nanocomposite,  in  which  the  porous  and  conductive  PPy  matrix 
serves  as  efficient  diffusion  channels  for  Li+. 


3.3.3.  Activation  energies 

To  further  investigate  the  electrode  kinetics,  the  activation  ener¬ 
gies  of  the  nanocomposite  and  bare  Sn02  are  calculated  from  EIS 
data  with  a  previously  reported  method  [29,30].  Fig.  6a  and  b  shows 
the  EIS  analyses  of  the  electrodes  of  SI  and  S3  at  0.5  V.  It  can  be 
observed  that  the  impedance  curves  consist  of  one  compressed 
semicircle  in  the  medium-frequency  region  and  an  inclined  line 
in  the  low-frequency  region.  The  impedance  plots  were  fitted  by 
using  the  equivalent  circuit  model  (Fig.  6c),  which  includes  the 
electrolyte  resistance  Rs ,  the  SEI  resistance  %  the  charge-transfer 
resistance  Rc t,  the  Warburg  impedance  (Zw)  related  to  the  diffu¬ 
sion  of  lithium  ions  into  the  bulk  of  the  electrode  materials,  and 
two  constant  phase  elements  (CPE1  and  CPE2)  associated  with  the 
interfacial  resistance  and  charge-transfer  resistance,  respectively. 
The  intercept  of  the  impedance  semicircle  at  high  frequency  region 
corresponds  to  Rs  in  the  equivalent  circuit.  Although  barely  observ- 
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Table  2 

Charge-transfer  resistance  (Ret),  exchange  current  (i0),  and  apparent  activation  energies  (£a)  of  the  electrodes  with  bare  Sn02  (SI)  and  Sn02@PPy  composite  (S3)  measured 
at  different  temperatures. 


Sample 

Rct  (£2) 

io  (mA) 

Apparent  activation 
energy  (kj  mol-1) 

25  °C 

30  °C 

35  °C 

40  °C 

45  °C 

25  °C 

30°C 

35  °C 

40  °C 

45  °C 

SI 

S3 

180.4 

50.4 

131.4 

35.6 

78.5 

27.0 

55.8 

20.4 

37.8 

16.2 

0.142 

0.510 

0.199 

0.734 

0.338 

0.983 

0.484 

1.323 

0.725 

1.692 

65.3 

47.3 

able  in  Fig.  6a  and  b,  Rs  values  do  change  with  temperature.  For 
example,  when  the  temperature  was  raised  from  298  K  to  318  K, 
Rs  of  S3  decreased  from  5.1  £2  to  4.1  £2.  Such  change,  however, 
is  negligible  in  comparison  with  the  change  of  Rc t.  Table  2  sum¬ 
marizes  the  fitted  EIS  results.  Obviously,  the  Rc t  of  the  Sn02@PPy 
composite  is  significantly  smaller  than  that  of  the  bare  Sn02,  sug¬ 
gesting  that  the  electrode  conductivity  can  be  greatly  increased  by 
PPy-compositing. 

The  exchange  currents  (io)  and  the  apparent  activation  ener¬ 
gies  for  the  alloying  of  lithium  can  be  calculated  by  Eq.  (2)  and  the 
Arrhenius  equation  (Eq.  (3)),  respectively: 


RT 


io=Aexp{w-) 


(2) 

(3) 


where  A  is  a  temperature-independent  coefficient,  R  is  the  gas  con¬ 
stant,  T  is  the  absolute  temperature,  n  is  the  number  of  transferred 
electrons,  and  F  is  the  Faraday  constant.  The  following  equation  can 
be  deduced  from  Eqs.  (2)  and  (3): 


,  T  nFA  Ea 

In—  =  In— - — 

Rct  R  RT 


(4) 


According  to  the  above  equation,  the  apparent  activation  ener¬ 
gies  were  obtained  by  calculating  the  slope  of  the  plot  of  ln(T/Rct) 
as  a  function  of  1000 /T.  The  determined  value  for  the  Sn02@PPy 
composite  (S3)  is  47.3  kj mol-1,  which  is  much  lower  than  that 
(65.3  kj  mol-1 )  for  bare  Sn02  (SI ).  The  lower  activation  energies  of 
Sn02@PPy  composite  indicate  facilitated  lithium-tin  alloying.  This 
enhanced  electrode  kinetics  is  probably  due  to  the  fact  that  the  ID 
nanostructures  provide  shorter  diffusion  route  for  Li+,  and  that  the 
flexible  PPy  substrate  can  efficiently  disperse  the  supported  and 
embedded  Sn02  nanoparticles  to  alleviate  the  aggregation  of  the 
formed  tin  small  particles  and  to  accommodate  the  strain  generated 
during  the  process  of  lithium  insertion/extraction. 


4.  Conclusions 


In  summary,  Sn02@PPy  nanocomposites  have  been  prepared 
via  a  simple  in  situ  oxidative  chemical  polymerization  approach 
at  near  room  temperature.  The  as-prepared  nanocomposites  as 
anode  materials  for  lithium-ion  batteries  show  enhanced  electrode 
performance  for  Li-Sn  alloying/de-alloying.  The  reason  is  that  the 
Sn02@PPy  nanocomposites  exhibit  remarkably  higher  Li+  diffu¬ 
sion  coefficiency  and  much  lower  activation  energy  than  that  of 
bare  Sn02  electrode.  The  enhanced  charge/discharge  cyclability 
and  electrode  kinetics  are  ascribed  to  the  ID  nanostructures  and 


highly  dispersion  of  Sn02  nanoparticles  in  PPy  matrix,  which  are 
beneficial  to  the  utilization  of  active  Sn02  owing  to  the  release  of 
the  stress  caused  by  the  drastic  volume  variation  during  the  Li-Sn 
alloying/de-alloying  process. 
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